Although acyclovir prophylaxis against varicella zoster virus (VZV) infection for ≥1 year is recommended after allogeneic hematopoietic cell transplantation (HCT), the emergence of acyclovir-resistant viruses and adverse drug effects cannot be ignored. We investigated the cumulative incidence of VZV infection after allogeneic HCT in children receiving a shorter duration of acyclovir prophylaxis than recommended and evaluated the appropriateness of the short duration of acyclovir prophylaxis.
Introduction
The Herpesviridae family, including herpes simplex virus (HSV), varicella zoster virus (VZV), Epstein-Barr virus (EBV), and cytomegalovirus (CMV), maintains latency in the host after its primary infection, [1] and the reactivation of the latent virus under the immunosuppressed state after hematopoietic cell transplantation (HCT) may increase morbidity and mortality in the HCT recipients. [2] [3] [4] [5] Accordingly, a recent guideline recommends prophylaxis against HSV and prophylaxis or pre-emptive therapy against CMV, [6] and the effect of this strategy on decreasing HSV and CMV diseases after HCT has been demonstrated in previous studies. [7] [8] [9] VZV infection was found to occur in 33% to 41% of HCT recipients who did not receive acyclovir prophylaxis, [10] [11] [12] whereas the occurrence rate decreased to 20% to 32% in HCT recipients treated with acyclovir prophylaxis. [12] [13] [14] [15] Although proper administration route, dose, and duration of prophylactic acyclovir have not been defined, a recent guideline recommends prophylaxis for ≥1 year against VZV infection after allogeneic HCT for VZV-seropositive recipients. [6] However, some investigators reported a rising incidence of VZV infection after discontinuation of long-term acyclovir prophylaxis. [15, 16] In addition, acyclovir-resistant HSV was reported in human immunodeficiency virus (HIV)-infected patients who received long-term acyclovir therapy and in allogeneic HCT recipients. [17] [18] [19] Another consideration is that the children and their parents may be distressed by taking medicine everyday for a long period of time and adverse effects of acyclovir may occur in HCT recipients receiving various drugs concurrently.
In our hospital where long-term acyclovir prophylaxis has not been performed, the incidence of VZV infection after allogeneic HCT seemed to be lower than that previously reported and severe complications of VZV infection were rare even in allogeneic HCT recipients. This retrospective study was conducted to investigate the incidence and clinical characteristics of VZV infection after pediatric allogeneic HCT in a hospital where relatively short-term acyclovir prophylaxis has been performed and to evaluate the necessity of long-term acyclovir prophylaxis after allogeneic HCT.
Patients and methods

Patients and study design
Medical records of patients <20 years who received allogeneic HCT in the Pediatric division of the Catholic Blood and Marrow Transplantation Center, College of Medicine, the Catholic University of Korea, Seoul, Republic of Korea between April 2009 and March 2013 were retrospectively reviewed. April 1, 2014, which was when ≥1 year had passed after HCT in all of the subjects, was defined as the study endpoint because most cases of VZV infection after allogeneic HCT occur <1 year after HCT. [3, 13, 20, 21] If the recipient died or was transferred to another hospital before the defined endpoint, the event day was decided to be an endpoint. The development of VZV infection from HCT to the endpoint was observed in the enrolled subjects and they were divided into 2 groups: a VZV group and a non-VZV group. VZV infection included both chickenpox and herpes zoster. Clinical and laboratory characteristics of patients who experienced VZV infection after allogeneic HCT were investigated, and demographic and clinical characteristics were compared between the 2 patient groups to determine risk factors for VZV infection. This study was approved by the Institutional Review Board of Seoul St. Mary's Hospital, College of Medicine, the Catholic University of Korea with an exemption for acquiring informed consent (approval no.: KC14RISI0353).
Transplantation and antibacterial, antiviral, and antifungal prophylaxis
Pre-transplant conditioning and graft-versus-host disease (GvHD) prevention were performed as has been introduced in a previously reported study. [22] In brief, nonmyeloablative conditioning based on fludarabine (30 mg/m 2 /day for 4 days) and cyclophosphamide (25 mg/kg/day for 4 days) was given to recipients with several types of anemia including severe aplastic anemia (SAA). All of the other recipients received myeloablative conditioning based on total body irradiation (TBI, 200 cGy twice daily for 3 days) and cyclophosphamide (60 mg/kg/day for 2 days), busulphan (130 mg/m 2 /day for 4 days), and fludarabine (40 mg/m 2 /day for 4 days). Rabbit anti-thymocyte globulin (2.5 mg/kg/day for 3 days) was additionally given to all SAA patients to prevent acute rejection and those who received unrelated donor transplants to prevent severe acute GvHD. For GvHD prevention, cyclosporine (3 mg/kg/day) was administered from day-1, and mini-dose methotrexate (5 mg/m 2 /day at days 1, 3, 6, and 11) instead of standard dose methotrexate was administered to reduce methotrexate-related toxicities. Glucocorticoids or methotrexate were added according to the degree of GvHD. Fluoroquinolone prophylaxis was not performed because almost all recipients were <18 years. Oral trimethoprim/sulfamethoxazole (150 mg trimethoprim/m 2 /day, 3 times weekly) was administered from engraftment to the discontinuation of immune suppressants to prevent Pneumocystis jirovecii infection. As an antifungal prophylaxis, parenteral micafungin (1 mg/kg/day) was administered from conditioning to engraftment, and then oral fluconazole (3 mg/kg/day) was administered until the discontinuation of immune suppressants. CMV reactivation was monitored after HCT using real-time quantitative polymerase chain reaction weekly until 3 months, biweekly until 6 months, and monthly until 1 year after HCT. Pre-emptive ganciclovir therapy was performed when the CMV DNA titer was >10,000 copies/mL in recipients who received matched-related donor transplants or > 1,000 copies/mL in the other recipients. Oral acyclovir (20 mg/kg 4 times daily, maximum 800 mg/day) was administered from conditioning to 6 weeks after HCT for prophylaxis against HSV and VZV, and the prophylaxis was individualized and could be extended based on the degree of acute GvHD and glucocorticoid therapy in each recipient. Intravenous acyclovir (5 mg/kg 3 times daily) was substituted for oral acyclovir if the recipient could not swallow oral medications because of severe mucositis. Acyclovir was suspended during ganciclovir, foscarnet, or cidofovir administration to treat CMV reactivation as these antiviral agents also have inhibitory effects on VZV as well as CMV.
[23]
Definitions
VZV infection was diagnosed by at least 2 pediatricians independently based on clinical symptoms and signs of the patient. Chickenpox was diagnosed when typical vesicular skin lesions were observed in a scattered pattern, not showing a dermatomal distribution, and herpes zoster was diagnosed when the skin lesions were restricted to a unilateral dermatome. [24] Cutaneous dissemination of herpes zoster was diagnosed when ≥2 dermatomes were involved. If clinical and laboratory findings suggesting damage to internal organs were observed and other specific causes of them were not defined, a visceral involvement of VZV infection was defined.
Statistical analysis
Demographic and clinical characteristics including age, sex, underlying hematologic/oncologic disease and the status of the underlying disease, types of pretransplant conditioning and transplant, acute and chronic GvHD, duration of acyclovir prophylaxis, and CMV and EBV reactivation after HCT were compared between the VZV and non-VZV groups to determine risk factors for VZV infection after HCT. In a univariate analysis, categorical factors were compared using a chi-square test and numerical factors were compared using a Mann-Whitney test. A multivariate analysis was performed using a binary logistic regression test with the factors that exhibited a significant difference in the univariate analysis. The incidence of VZV infection was calculated using the cumulative incidence (CI) function, with death without experiencing VZV infection as a competing risk. Statistical analyses were performed using SPSS Statistics 17.0 (SPSS Inc., Chicago, IL), and the statistical significance was defined as a 2-tailed P value <0.05. The CI of chickenpox and herpes zoster was calculated using R package version 2.14.2 (R foundation for Statistical Computing, Vienna, Austria). 
Results
During the study period, a total of 223 allogeneic HCTs were performed, and 217 of them were included in this study, excluding 6 children with engraftment failure or who died before engraftment. Among the enrolled children, 11 (5.1%) children were transferred to other hospitals or lost to follow-up and 51 (23.5%) children died before the defined endpoint, April 1, 2014. The median follow-up time was 25 months (range = 1-59 months), and acyclovir prophylaxis was performed for a median of 9 weeks after HCT (range = 3-24 weeks). VZV infection was diagnosed in 33 (15.2%) children including 8 children with chickenpox and 25 children with herpes zoster. VZV infection occurred at a median of 5 months (range = 2-41 months) after HCT, and 23 (69.7%) of the infection occurred <1 year after HCT and 32 (97.0%) of them occurred <2 years after HCT. The 1-year and 2-year CIs of VZV infection after allogeneic HCT were 11.2% (standard error [SE] = 2.9) and 15.5% (SE = 3.6), respectively ( Fig. 1) .
Comparison of demographic and clinical characteristics between children with and without VZV infection after allogeneic HCT
Demographic and clinical characteristics were compared between 33 children who experienced VZV infection after allogeneic HCT and 184 children who did not (Table 1) . Significantly more males were included in the VZV group than in the non-VZV group, and the median age of the children of the VZV group was significantly higher than those of the non-VZV group (Table 1) . VZV infection occurred more frequently in children aged ≥ 10 years compared to children <10 years (P = 0.02), and no children <5 years experienced VZV infection after allogeneic HCT (Fig. 2) . In a univariate analysis, significantly more children suffered from lymphoid diseases, such as acute lymphoblastic leukemia, and malignant lymphoma, and received TBI during pretransplant conditioning in the VZV group compared to the non-VZV group (Table 1) . The duration of follow-up and acyclovir prophylaxis after allogeneic HCT was not significantly different between the Figure 1 . The cumulative incidence of chickenpox and herpes zoster after pediatric allogeneic hematopoietic cell transplantation. Data were not collected from 11 children (4 in the VZV group and 7 in the non-VZV group) because they were transferred to other hospitals or lost to follow-up. (Table 1) . Overall mortality was also not significantly different between the 2 groups and there was no death attributable to VZV infection (Table 1) . A multivariate analysis was performed with significant factors in the univariate analysis including sex, age, underlying disease, and TBI during conditioning ( Table 2 ). Male sex and older age were significant risk factors for VZV infection after pediatric allogeneic HCT in the multivariate analysis.
Characteristics of children who experienced VZV infection after allogeneic HCT
A total of 33 children were diagnosed with VZV infection after allogeneic HCT: 8 with chickenpox and 25 with herpes zoster (Table 3) . No breakthrough infection occurred during acyclovir prophylaxis, and VZV infection occurred at a median time of 4 months (range = 1-40 months) after the discontinuation of acyclovir prophylaxis. The proportion of children receiving immunosuppressant treatment when diagnosed with VZV infection and the frequencies of acute and chronic GvHD were higher in the children with herpes zoster than those with chickenpox. One child diagnosed with chickenpox experienced severe complications including pneumonitis, meningoencephalitis, and acute respiratory distress syndrome. He survived after intensive care and intravenous acyclovir and high-dose intravenous immunoglobulin therapy, and has been reported as a single case. [25] The remaining 7 children diagnosed with chickenpox recovered without any severe complications. Herpes zoster occurred most frequently in the lumbar dermatome ( Table 3 ). The most common complication of herpes zoster was cutaneous dissemination in 6 (24.0%) children, and no child experienced postherpetic neuralgia lasting >1 month, which was dissimilar to what is often observed in adults. All the children with VZV infection recovered after antiviral therapy and 28 (84.8%) children were hospitalized, with 5 (15.2%) children with herpes zoster being treated in the outpatient clinic. The 28 hospitalized children received intravenous acyclovir (10 mg/kg or 500 mg/m 2 3 times daily) for a median of 9 days (range = 2-16 days), and the median duration of the entire antiviral therapy was 12 days (range = 3-39 days). The 5 nonhospitalized children received oral acyclovir or famciclovir therapy for a median of 12 days (range = 7-15 days). Serologic tests for VZV were performed in 19 children when diagnosed with chickenpox or herpes zoster. VZV IgG was positive in 14 (73.3%) of the 19 children, and VZV IgM was negative in all of the 16 children tested (Table 3 ). Blood VZV polymerase chain reaction on the diagnosis of VZV infection was positive in 6 (54.5%) of 11 tested children, and the Tzanck test was positive in 6 (50.0%) of 12 tested children.
Discussion
In the present study, male sex and older age were significant risk factors for VZV infection after allogeneic HCT. It was assumed that VZV reactivation was infrequent in children <10 years because of the low seroprevalence against VZV before HCT in this age group. [3] In Korea, the seroprevalence against VZV gradually increases from 1 year of age and it is maintained at >94% in teenagers, [26] and therefore, the seroprevalence against VZV according to the recipient's age would be expected to affect the incidence of VZV infection after HCT in the present study, although we could not determine the exact seropositivity of recipients. Although several previous studies reported that recipients with VZV infection after HCT were more frequently Table 3 Characteristics of children diagnosed with varicella zoster virus infection after allogeneic hematopoietic cell transplantation. males compared to those without VZV infection, [11, 13, 16] differences between the 2 sexes exhibited no statistical significance. The significance of sex in VZV infection after HCT should be further evaluated in future studies that include more subjects. The CIs of VZV infection at 1 year and 2 years after pediatric allogeneic HCT in the present study were 11.2% and 15.5%, respectively, and these were lower than previously reported 1-year CIs of 14% to 34%, [13, 15, 27] and were also lower than the 1-year CI in adult recipients of our hospital, 22%. [5] VZV infection occurred at a median of 2 to 3 months after HCT without acyclovir prophylaxis in previous studies, [10, 27] and a median of 5 months after HCT with a median of 9 weeks of prophylaxis in the present study. These findings indicate that acyclovir prophylaxis can shift the development of VZV infection to a later time after HCT, and that acyclovir prophylaxis is effective in preventing VZV infection during the early period after HCT. Previous studies reported that the development of VZV infection was delayed to 1 year after HCT with 1 year of prophylaxis, [15, 16] and some investigators reported lower incidence rates of VZV infection after HCT with a prolonged duration of prophylaxis. Kim et al [28] reported that the 2-year CI of VZV infection in adults who received allogeneic peripheral blood stem cell transplantation was 5.8% under a median of 11 months of acyclovir prophylaxis. Erard et al [2] reported that the 2-year CIs of VZV infection in adults and children who received allogeneic HCT were 7.4% and 3.6% under 1-year and over 1-year of acyclovir prophylaxis, respectively. These results may support the necessity of a long-term acyclovir prophylaxis after allogeneic HCT. However, pediatric studies on the effect of longterm acyclovir prophylaxis are scarce, and the emergence of acyclovir-resistant viruses and adverse effects of long-term acyclovir prophylaxis should be considered. Considering the correlation between older patient age and VZV infection, the low rate of severe VZV-related complications in our study, and the patient and caregiver distress related to prolonged medication administration, a relatively short duration of acyclovir prophylaxis of <1 year may be feasible for pediatric allogeneic HCT recipients. Future studies should determine an appropriate duration of acyclovir prophylaxis, one that achieves a lower incidence of VZV infection and simultaneously minimizes concern for the emergence of acyclovir-resistant viruses and the discomfort of daily oral medication. The appropriate endpoint of acyclovir prophylaxis should be the time of the restoration of VZV-specific cellular immunity after HCT, and VZV-specific cellular immune responses were reported to recover between 6 weeks and 18 months after allogeneic HCT. [1, 29] In addition, a comparison of cost-effectiveness between a long-term and short-term acyclovir prophylaxis, taking into account the incidence of VZV infection and the discomfort of daily oral medication, should be performed in children receiving allogeneic HCT.
All the children diagnosed with VZV infection after allogeneic HCT recovered with acyclovir or famciclovir therapy in the present study. Previous studies also reported that most VZVinfected patients, including breakthrough infection cases, responded to acyclovir therapy, [9, 15, 20, 30] and therefore, VZV resistant to acyclovir is considered to be very rare. Herpes zoster in the present study occurred most frequently in lumbar dermatomes rather than thoracic dermatomes, which were previously reported as those most frequently involved. [5, 10, 11, 15, 20, 30] However, a different study reported that cervical dermatomes were the most frequently involved dermatome, [13] and lumber dermatomes were usually the second most frequently involved area in most previous reports. [3, 15, 20, 31] Limitations of the present study arose from the retrospective nature of the study. We could not evaluate enough clinical factors that are suspected of being associated with VZV infection after HCT. The presence of anti-VZV antibodies before HCT in the HCT recipients was significantly associated with increasing incidence of VZV infection after HCT. [20] However, we could not evaluate the effect of recipients' anti-VZV antibodies in the present study because recipients' serologic status for VZV had not been evaluated before HCT in our institute. The present study could not evaluate the varicella vaccine effect in HCT recipients because previous histories of chickenpox, herpes zoster, and varicella vaccination in recipients could not be collected, although a single dose of varicella vaccination at 12 to 15 months of age has been recommended in Korea since 2005. Although the occurrence of herpes zoster was reduced with the introduction of varicella vaccination in a community, [32] [33] [34] it has not been defined whether the occurrence of VZV infection in HCT recipients who have been vaccinated against VZV before HCT decreases or not.
In conclusion, the incidence of VZV infection after pediatric allogeneic HCT under a median of 9 weeks of acyclovir prophylaxis was higher than that under 1 year or longer duration of prophylaxis. However, a shorter duration of acyclovir prophylaxis may be appropriate for children receiving allogeneic HCT compared to adults, based on the rare occurrence of severe complications because of VZV infection and the expected discomfort because of daily oral medication for a long time. Further studies to determine the appropriate duration, administration route, and dose of acyclovir prophylaxis are necessary. In addition, individualized prophylaxis strategies based on a previous history of chickenpox and varicella vaccination in HCT recipients may be needed as varicella and zoster vaccination is expanding.
